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Summary
Objective: The goal of this study was to develop an algorithm to semi-automatically segment the meniscus in a series of magnetic resonance
(MR) images to use for normal knees and those with moderate osteoarthritis (OA).
Method: The segmentation method was developed then evaluated on 10 baseline MR images obtained from subjects with no evidence, symp-
toms, or risk factors of knee (OA), and 14 from subjects with established knee OA enrolled in the Osteoarthritis Initiative (OAI). After manually
choosing a seed point within the meniscus, a threshold level was calculated through a Gaussian ﬁt model. Under anatomical, intensity, and
range constraints, a threshold operation was completed followed by conditional dilation and post-processing. The post-processing operation
reevaluates the pixels included and excluded in the area surrounding the meniscus to improve accuracy. The developed method was eval-
uated for both normal and degenerative menisci by comparing the segmentation algorithm results with manual segmentations from ﬁve human
readers.
Results: The semi-automated segmentation method produces results similar to those of trained observers, with an average similarity index
over 0.80 for normal participants and 0.75, 0.67, and 0.64 for participants with established knee OA with Osteoarthritis Research Society
International (OARSI) joint space narrowing (JSN) scores of 0, one, and two respectively.
Conclusion: The semi-automatic segmentation method produced accurate and consistent segmentations of the meniscus when compared to
manual segmentations in the assessment of normal menisci in mild to moderate OA. Future studies will examine the change in volume, thick-
ness, and intensity characteristics at different stages of OA.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Key words: Meniscus, Segmentation, Osteoarthritis, Magnetic resonance imaging.Introduction
Osteoarthritis (OA) is the most common form of arthritis and
approximately 40% of persons age 55 and older have fre-
quent knee pain or radiographic evidence of knee OA1e3.
OA of the knee involves progressive degeneration of both
the bone and soft tissues, including joint space narrowing
(JSN), sclerosis, and osteophyte formation. Up to 6% of pa-
tients have at least a one point increase in KellgreneLa-
wrence (KeL) grade annually, but it is difﬁcult to predict
which patients will progress and at what rate4. Thus, there
is a clear need to delineate the factors that put patients at
the highest risk for progression to identify targets that may
be amenable for intervention.
The health of the articular cartilage and its effects on the
extent of knee OA has received some attention5, however,
the meniscus may also modify the development and*Address correspondence and reprint requests to: M. Gurcan,
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344progression of OA. The meniscus reduces stress on the
cartilage in the tibio-femoral compartment by absorbing
and distributing force under increasing loads, lubricating
the joint, and contributing to joint stability6e9. During stand-
ing alone, the meniscus distributes 30e55% of the total
body weight across the articular cartilage. Degeneration of
the meniscus decreases tibio-femoral contact area by
50e70% and accelerates cartilage degradation leading to
joint degeneration6,7,10e19. Although the widely accepted
deﬁnitions of OA do not directly address the health of the
meniscus4, the increased incidence of structural joint de-
generation after partial and total meniscectomy16 raises
questions about the effects of this structure in the develop-
ment and progression of OA.
Magnetic resonance imaging (MRI) is ideal for quantitative
image analysis of the meniscus as it permits detailed viewing
of the tissue not accessible to radiographs6,20,21. Detection of
meniscal injury by MRI has an accuracy of up to 85% com-
pared to arthroscopic and clinical examination, thereby sup-
porting its utility in the diagnostic and treatment algorithm of
the acutely injured knee20,22,23. Segmenting the meniscus
from MR images could be the foundation of the analysis for
345Osteoarthritis and Cartilage Vol. 18, No. 3changes associated with this tissue and its potential role in
OA. Segmentation of the meniscus will permit quantitative
measures such as volume, mean intensity, intensity distribu-
tion, texture, and thickness. Any number of quantitative mea-
sures can be comparedwithOAprogressionwith the intent to
ﬁnd more reliable biomarkers or yield insight into the natural
history of this disease.
Manual segmentation is time consuming, making mean-
ingful analysis on large data sets both labor and time inten-
sive. In addition, manual segmentations are prone to intra
and inter-reader variability, both of which can be largely over-
come with computer-assisted segmentation. The purpose of
this study was to develop a semi-automated segmentation
technique to characterize the meniscus in order to reduce
segmentation time, inter, and intra-reader variability. The
technique was designed to allow for ﬂexibility between pa-
tients and across a spectrum of joint degenerative states,
while maintaining constraints based on known anatomical in-
formation. This tool was not designed to completely eliminate
the need for manual segmentation since is cannot perform
well on subjects with severe OA or acute meniscal injury,
but is rather to be usedas a tool to speed up quantitative anal-
ysis on large data sets. Indeed, there is a large degree of var-
iation among manual readers in such cases, which is why
further manual scrutiny is required for reliable analysis.MethodsIMAGE ACQUISITIONData used in this study were obtained from the Osteoarthritis Initiative (OAI)
database, which is available for public access at http://www.oai.ucsf.edu/.
Images from the 0.B.2 release were used with Institutional Review BoardFig. 1. An example of a Sagittal view of a (a) normal knee, (b) one with OA
score increases, meniscus degeneration becomes apparapproval. The algorithm was designed using Sagittal T2 Map 120 mm ﬁeld of
view MRI’s obtained from 3 T Siemens machines. The images were
384 384 pixels (pixel spacing¼ 0.3125/0.3125 mm) with a slice thickness of
3 mm. The imaging protocol and limb positioning was uniform, with the lateral
meniscus in the right leg being examined in all cases24,25. The right knee was
chosen since most work on cartilage quantiﬁcation available to the OAI has
been performed on the right knee. Also, the OAI image database only
has data for the right knee available for the image sequence used.PATIENT SELECTIONThe segmentation method was tested on baseline MR images obtained on
24 randomly selected participants enrolled in theOAI24; 10 with no evidence of
OA, osteophytes, risk factors, or knee symptoms of pain and stiffness, and 14
with evidence of right knee OA deﬁned as frequent knee symptoms in past 12
months and KeL score of 2 on ﬁxed ﬂexion radiograph (Progression subco-
hort). Participants with established knee OAwere further stratiﬁed in this study
based on the Osteoarthritis Research Society International (OARSI) JSN
score of 0e3 based on paired X-ray reading of the lateral compartment of
the right knee (Fig. 1). Four participants were selected at random from each
of JSN¼ 0, JSN¼ 1, JSN¼ 2, and two with JSN¼ 3 totaling 14 patients
from the Progression subcohort. Only two participants were selected for
JSN¼ 3 because no other participants met this criteria. All participants had
JSN grades of 0 or one for the medial compartment, indicating that disease
was locatedmainly in the lateral compartment. All analysis was done on the lat-
eral meniscus of the right knee, with future work to examine the medial menis-
cus as well. Semi-automatic segmentations of 10 lateral menisci from non-
exposed control participants were quantitatively compared with manual seg-
mentations, two of which were compared to segmentations of ﬁve human
raters for intra and inter-reader variability. The 14 lateral menisci from progres-
sion patients were quantitatively examined by ﬁve manual raters for inter-
reader variability, and three of these were segmented twice by each rater for
determination of intra-reader variability.SEGMENTATION METHODThe semi-automated segmentation consisted of ﬁve phases: initialization,
threshold determination, segmentation, conditional dilation, and morphologi-
cal post-processing26 (Fig. 2).OARSI 1, (c) OARSI 2, and (d) OARSI 3. Notice that as the OARSI
ent along with osteophytes and cartilage damage.
Fig. 2. Flowchart of the segmentation process.
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The segmentation process starts with two manual inputs: 1) a seed point
within the lateral meniscus and 2) the selection of the last slice to be seg-
mented. A seed point was chosen by viewing the Sagittal sequence from lat-
eral to medial, and choosing a pixel within the lateral meniscus on the ﬁrstFig. 3. Here are three consecutive images showing the lateral meniscus h
be chosen as the end point because the meiscofemslice that it appeared. In some participants, an image containing merged an-
terior and posterior horns was not present, so one seed pixel was selected
for each horn of the meniscus at their most lateral extent. The ﬁnal slice
that showed the meniscus was also determined manually, providing the algo-
rithm an end point. This endpoint was necessary to manually determine the
boundary between the medial extent of the meniscus horns and the menis-
cofemoral and cruciate ligaments (Fig. 3). The remaining segmentation steps
were performed automatically.
After determining a seed point, each image underwent a preliminary
thresholding operation to identify regions that should be excluded from the
segmentation. First, a mask of pixels with intensities higher than 450 and
lower than 120 was generated based on reliable exclusion of non-meniscus
pixels determined based on a training set. Then, segmented regions whose
areas were less than ﬁve pixels were removed, which allowed this mask to
serve as a map of pixels that were not representative of meniscus (Fig. 4).
A second mask was created to identify bone, which was then dilated as
an indirect method of roughly excluding many areas of articular cartilage
from the segmentation (Fig. 5). The tibia mask was dilated with a larger struc-
turing element than the femur mask because of the larger separation be-
tween the tibia and the tibial cartilage than between the femur and its
distal cartilage. Additionally, a range ﬁlter with a 3 3 neighborhood was
used as an additional method of edge detection. A mask of pixels whose in-
tensity values were greater than 120 was created from the ﬁltered image
(Fig. 6). Similar to the intensity and bone constraints, these pixels were ex-
cluded from the segmentation because they represent boundaries between
meniscus and cartilage.
Since the meniscus maintains a similar size and shape from slice-to-slice,
size and shape constraints based on the previous meniscus segment were
also imposed. The meniscus segmentation was prevented from getting
more than 30% larger than the previous segmentation because the meniscus
tended to decrease in area from superﬁcial to deep, and was limited to
a dilated mask of the previous slice.
Phase II: threshold determination
The algorithm automatically determines a threshold value by interrogating
the intensity distribution surrounding the seed point within a region of interest
(ROI) with a 20 20 pixel area. Four different regions with Gaussian inten-
sity distribution within these areas were observed: 1) dark areas representing
meniscus, 2) high intensity areas within the meniscus, 3) cartilage areas, and
4) bone. This task was complicated by the fact that cartilage and high inten-
sity areas within the meniscus often had similar intensity values.
Four Gaussian curves were ﬁtted to the histogram of the ROI around the
seed point using the least squares method, with each ﬁtted curve represen-
tative of a single pixel type (Fig. 7). The ﬁtted Gaussian distributions were
used for determining an adaptive threshold level, allowing for variation be-
tween patients and images. Using the ﬁtted histogram, two threshold candi-
dates, Threshold1 and Threshold2, were experimentally determined based on
the means (m) and standard deviations (s) of the second and third curves,
with the smaller of the two threshold candidates being chosen (Eq. 1, 2).
Threshold1 ¼ m3  ð3  s3Þ ð1Þ
Threshold2 ¼ m2  ð1:25  s2Þ ð2Þ
Threshold2, was only calculated if the difference between Threshold1 andm2
was less 100, indicating that there was signiﬁcant overlap of intensity values
between the high intensity meniscus and cartilage curves. Due to naturalorns arranged lateral to medial. In this case, the middle slice would
oral ligaments predominate in the next image.
Fig. 4. Image (a) is the original image, and (b) is a mask of high and low intensity pixels. This mask was used to determine pixels restricted
from being included in the segmentation.
347Osteoarthritis and Cartilage Vol. 18, No. 3variations in meniscus tissue, a wide range of threshold values may be cal-
culated that would lead to inaccurate segmentations. To reduce these ef-
fects, the threshold values were further restricted to the range [310e400],
which effectively excluded the cartilage regions from the segmentation.
Phase III: initial segmentation
Next, a basic thresholding operation was applied to the slice under con-
sideration, where pixels above the calculated threshold were excluded.Fig. 5. Image (a) shows a mask of high intensity areas. Image (b) isolate
mask as an indirect way to exclude it from meniscus segThe area of thresholding was limited to the area encompassed by a dilation
of the previous segmented slice using a 13 19 rectangular structuring ele-
ment. This structuring element limited the segmentation area to only those
areas where the meniscus was expected. Initial segmentation was followed
by a one pixel morphological dilation of the generated mask, ﬁlling of holes,
and removal of small areas of unconnected pixels. These morphological op-
erations were done to connect fragmented areas of the meniscus for use in
the next phase of segmentation (Fig. 8). Notice that the thin layer of menis-
cus between the anterior and posterior horns is excluded in Fig. 8(b) due tos the femur, which is dilated in image (c) to include cartilage in the
mentation. The same process is done for the tibia.
Fig. 6. Image (a) shows the original image before ﬁltering. Image (b) is the result of a range ﬁlter with a 3 3 neighborhood. Image (c) is
a mask of pixels having an intensity value greater than 120 made from the range ﬁltered image. The masked pixels on image (c) are excluded
from segmentation.
Fig. 7. (a) A dilation of a sample segmentation result, (b) with corresponding histogram and ﬁtted Gaussian curves of the region used for
threshold determination.
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Fig. 8. Image (a) shows a mask after thresholding and (b) is the mask after morphological operations. Note the high intensity areas within the
meniscus (a) which were not included in the thresholding operation. OA participants tended to have a higher proportion of these areas than
those of non-exposed participants.
349Osteoarthritis and Cartilage Vol. 18, No. 3the morphological operations. This is an inevitable consequence of having
a conservative segmentation approach to reduce the risk of segmenting
cartilage.
Phase IV: conditional morphological dilation
The initial threshold segmentation acquired from phase III was used as
a starting point for the conditional morphological dilation. The initial seg-
mented area was dilated by one pixel with a 3 3 square structuring ele-
ment, and the intensity of each new pixel was tested. The tested pixel was
included in the ﬁnal segmentation if its intensity was below the threshold cal-
culated in phase II. After each new pixel was tested, the new segmented
area was dilated again by one pixel to repeat the cycle, and was repeated
until no new pixels were added (Fig. 9). After every fourth iteration, the region
was morphologically closed to ﬁll gaps. The operation was also stopped if
certain anatomical restrictions were met, namely the cross-sectional area be-
coming larger than the previous segment by 30%, the area reaching a pre-
set maximum, or the operation exceeding 20 iterations. The pre-set maxi-
mum area was determined experimentally based on manually segmented re-
gions, and was set at 1100 pixels with an exception for the ﬁrst and second
slices which was set at 1500 pixels since the meniscus tended to be larger in
those slices.Fig. 9. The same mask shown in Fig. 7(b) after the growth phase
was completed. The edges of the meniscus are now better deﬁned.Due to overlap of the Gaussian curves between high intensity values
within the meniscus, and high intensity values representative of cartilage,
a conservative threshold value was calculated which prevented some menis-
cus pixels from being included in the segmentation. This situation most often
occurred when the region growing phase ended prematurely because of its
small size and presence of high intensity areas within the meniscus. To over-
come this problem, the calculated threshold was ﬂexible during the condi-
tional dilation phase. Using anatomic information gathered from manually
segmented cases, it was found that the meniscus was never smaller than
105 pixels and that the horns of each meniscus rarely reduced in area by
more than 25% from one slice to the next. Using this information, if the seg-
mentation was stopped before these criteria were met, the threshold was
temporarily increased by 10% until the bordering pixels were included to con-
tinue the region growing phase of the segmentation. This variable threshold
ensured that the segmentation was not stopped prematurely, and that high
intensity areas within the meniscus were included.
Phase V: post-processing
Two morphological post-processing steps were used to further improve
the segmentation accuracy. First, all pixels that fell within the intensity and
range constraints outlined in phase I were removed from the segmentation.
Second, pixels that were not on the previous segmented slice but were in-
cluded on the current slice had their intensities tested again with a decreased
threshold to exclude pixels that were more likely to be included incorrectly.
Similarly, pixels that were included on the previous segment but had not
been included on the current segmentation had their intensities retested
with a higher threshold to increase the likelihood of acceptance. This second
part of these post-processing steps was only performed on slices where the
meniscus horns were separated since from that point on, the location of the
meniscus from slice-to-slice was less variable. The ﬁnal segmentation was
completed after one additional growth iteration to include low intensity pixels
that had not been included before, possibly due to incomplete conditional
dilation or imposed range constraints.Fig. 10. The green outline is a segment completed by a human
reader, and the yellow outline is the segmentation completed by
the semi-automated algorithm. Note the high degree of similarity
(0.91), even when the posterior horn of the meniscus has high
intensity areas throughout.
Table I
Intra-Reader Variability
Reader OARSI (OAI subcohort) Mean
0 (Control) 0 (Control) 0 (Progression) 1 (Progression) 2 (Progression)
Semi-automated segmentation .98 1.0 .99 1.0 .99 .99
Manual 1 0.84 0.85 0.90 0.88 0.86 0.87
Manual 2 0.85 0.88 0.69 0.82 0.71 0.79
Manual 3 0.88 0.88 0.86 0.84 0.88 0.87
Manual 4 0.83 0.86 0.78 0.84 0.76 0.81
Manual 5 0.88 0.83 0.84 0.85 0.81 0.84
350 M. S. Swanson et al.: Semi-automated meniscus segmentationAfter the segmentation was completed for the image, the next image in
the sequence underwent the same segmentation phases, beginning at the
constraint determination imposed in phase I. The histogram used in phase
II for threshold calculation was generated based on a dilation of the com-
pleted segment of the previous slice, and a new threshold was calculated
for the anterior and posterior horns separately. Throughout each phase of
the segmentation, the anterior and posterior horns were treated separately
due to variations in pathology and vascularization9,27, allowing for the thresh-
old and conditional dilation restrictions to be unique for each horn. An exam-
ple of the ﬁnal meniscus segmentation is shown in Fig. 10, and the ZSI can
be compared to the mean manual intra-reader variability seen in normal
knees of 0.86 (Table I), indicating a similar degree of discrepancy between
manual raters.VALIDATIONSemi-automated segmentations were quantitatively compared to those of
manual raters according to the similarity index described by Zijdenbos
similarity index (ZSI)28,29.
S ¼ 2 ½A1XA2½A1 þA2 ð3Þ
A1 and A2 represented all pixels included in a segmented region, and S was
deﬁned as twice the area of overlapping pixels divided by the added area of
both segmented regions. S varies between 0 and one, where one indicates
complete agreement, and 0 indicates regions that do not overlap. This mea-
sure of similarity was dependent on degree of overlap between the two re-
gions and location of the two regions, giving a higher score if two regions
shared similar centers27. According to Zijdenbos, a similarity index aboveTable II
Participant demographics
Lateral JSN
OARSI grade
Cohort Sex Race Age BMI
0 Normal F African American 47 22.3
0 Normal F Caucasian 53 20.6
0 Normal F Caucasian 54 20.1
0 Normal M Asian 55 24.6
0 Normal M Caucasian 55 27.0
0 Normal M Caucasian 55 28.3
0 Normal M African American 56 25.7
0 Normal M Caucasian 57 24.1
0 Normal F Caucasian 70 21.4
0 Normal M Caucasian 72 20.8
0 Progression M African American 46 27.2
0 Progression M Caucasian 48 25.9
0 Progression M Caucasian 52 33.6
0 Progression F 55 27.8
1 Progression F Caucasian 51 35.9
1 Progression F African American 51 43.0
1 Progression F 59 30.9
1 Progression M Caucasian 62 34.9
2 Progression M Caucasian 46 24.8
2 Progression M Caucasian 47 28.8
2 Progression M 51 26.7
2 Progression F Caucasian 52 20.9
3 Progression M Caucasian 48 26.5
3 Progression M Caucasian 55 27.3
BMI, body mass index.0.7 provided ‘‘excellent agreement’’, and 0.6 indicated ‘‘substantial agree-
ment’’ between two regions29.
In order to quantitatively measure the accuracy of the semi-automated
segmentation results, ﬁve readers were trained to manually segment the me-
niscus using ‘‘Image-J’’, an image viewing and segmenting program from
The National Institutes of Health (NIH). Each reader outlined the lateral me-
niscus of two healthy and twelve progression OA cases of varying severity.
These segmentations were then compared to those of each other rater using
the ZSI in Eq. 3. Each of ﬁve raters’ segmentations had ZSI calculated in
comparison to the rest of the raters and the semi-automated segmentations.
Due to varying interpretations between raters about the lateral and medial
extent of the meniscus, only slices where all raters agreed that meniscus
was present were compared. The intent of this study was to determine the
validity and viability of semi-automated segmentations, so the analysis was
focused on the performance compared to manual raters. Slices where man-
ual raters disagreed would factor in a ZSI of 0, which would inappropriately
skew the comparison results.Results
Images from 10 normal knees and 14 knees with OA
were analyzed in this study. The average age of partici-
pants was 54 years; approximately 38% were female and
80% were white (Table II).
Similarity data of the manual and automatic segmenta-
tions of the lateral meniscus showed that the semi-auto-
mated segmentation method performs similarly to manual
raters for normal and moderately degenerated menisci
(Table III). Rater one marked eight additional non-exposed
control cases, all with a ZSI that yielded excellent correla-
tion (similarity index> 0.70) with manual raters. A visual ex-
ample of average results is seen in Fig. 11. All ﬁve manual
raters were unable to identify a meniscus in OARSI grade 3
participants, therefore these images were excluded.
The automatic segmentation had an average similarity in-
dex 0.80 when used on control participants, and had an av-
erage similarity of 0.75, 0.67, and 0.64 when looking at
progression patients with OARSI JSN of 0, one, and two, re-
spectively. The algorithm, including manual input, was able
to produce segmentation results in 2e4 min per case forTable III
Overall performance of semi-automatic segmentations on non-ex-
posed and OA progression cases compared to a manual rater.
No manual rater was able to identify meniscus in the OARSI 3
participants
Mean similarity
index (Standard
deviation)
Standard
deviation
Non-exposed control (n¼ 10) .80 .06
Progression subcohort (n¼ 12) .69 .12
OARSI JSN grade¼ 0 (n¼ 4) .75 .04
OARSI JSN grade¼ 1 (n¼ 4) .67 .12
OARSI JSN grade¼ 2 (n¼ 4) .64 .16
OARSI JSN grade¼ 3 (n¼ 2) N/A N/A
Fig. 11. This is an automatic segmentation (yellow) with a similarity
index of .79 compared to a manual rater (green) showing the aver-
age level of agreement for normal knees (see Table III).
351Osteoarthritis and Cartilage Vol. 18, No. 3both normal and progression subjects, while manual seg-
mentations consistently took 7e20 min per case, depending
on the speed of the reader and the familiarity with the seg-
mentation program. The running time for the software was
not optimized for speed, which can bring further reductions
in time without sacriﬁcing accuracy.
Intra-reader variability was assessed by examining the
segmentations of each manual rater to previous segmenta-
tions of the same images from the same rater. The semi-au-
tomated method was assessed for intra-reader variability by
choosing 100 random seed points within the meniscus, and
comparing each segmentation result to the previous result.
Semi-automated intra-reader segmentations yielded an av-
erage ZSI of 0.99, while the manual segmentations averag-
ing 0.84 (Table I).
Areas with low cartilage intensity posed a challenge for
the segmentation method and reduced the accuracy in
these instances (Fig. 12). An example of an entire lateral
meniscus series is shown in Fig. 13, with corresponding
data on how the segments improved based on comparisons
with and without phase V post segmentation processing
compared to a single manual rater (Table IV). The average
improvement was 1.1% per segmentation, with an overall
improvement of 0.94%.Discussion
A more complete understanding of important questions
such as natural history and risk factors for OA should result
from additional knowledge about the meniscus and its roleFig. 12. This is a more extreme example of a segmentation error
where incorrect areas were segmented due to a low intensity
area in the cartilage. The yellow outline is the automatic segmenta-
tion, and the green outline is a segmentation performed manually.
The error is limited due to area and intensity constraints, and has
a similarity index of 0.66.in this disease. A study performed by Link et al. compared
ﬁndings on medical images to KeL score, and noted that
meniscal lesions were present in 46 out of 50 OA patients,
and that four patients without lesions had low KeL scores
(one or two). Knees with a KeL score of four had severe
meniscal lesions characterized as complex tears with defor-
mity or severe destruction22. In addition, the tibio-femoral
contact area is correlated with the severity of OA, and the
meniscus plays a large role in joint mechanics30. Thus, it
is inferred that the health of the meniscus may play a role
in the progression of OA, however deﬁnitive studies ad-
dressing this important issue are limited. Quantifying the
changes of the meniscus as OA progresses (as seen in
Fig. 1) has the potential to establish disease severity and
predict disease trend. Herein, we report on a semi-auto-
mated segmentation method that demonstrated acceptable
accuracy, intra-reader variability, and efﬁciency in charac-
terizing the meniscus in healthy and moderately osteoar-
thritic knees, which should prove helpful in addressing
these and other important questions from longitudinal stud-
ies such as the OAI (Fig. 13). Although the sample size is
limited, this study determined that meniscus segmentation
is feasible and indeed can be very accurate.
The usefulness of computer-assisted segmentation
methods can be appreciated when examining their use in car-
tilage segmentation. Several semi-automated and automated
methods have been developed to enhance quantitative analy-
sis of the knee articular cartilage because of their speed, reli-
ability, accuracy, and decreased inter-reader variability31.
Onestudy reported that automatedsegmentation results in im-
proved inter-reader variability compared with two manual
readers when measuring number of segmented pixels, maxi-
mal thickness, and volume31. These improvements over man-
ual segmentations offer promise for enhanced objective
measurement of natural history, osteoarthritic cartilage
changes, and the effects of therapeutic interventions.
The same advantages achieved by computer-assisted
segmentation of the cartilage were addressed for the me-
niscus in the current study. Our semi-automated approach
overcomes many segmentation challenges through the
use of carefully designed image intensity and anatomical
constraints, shown by its consistently high similarity index
for normal and pathologic knees compared against ﬁve
manual raters. Therefore, our method shows particular
promise with assessment of normal menisci and those
with mild to moderate OA, making it ideal for use in assess-
ing OA development and progression. The use of a single
semi-automated approach to a large dataset should greatly
reduce effects of intra-reader variability, and eliminate inter-
reader variability compared to manual segmentations. As
Table I indicates, manual segmentations are subject to in-
evitable intra-reader variation, a limitation which is largely
overcome with semi-automated segmentation. An important
advantage of a semi-automated segmentation method is
that the determination of borders is unbiased and consis-
tent. Through observation of manual segmentations in the
current study, it was noted that a manual rater can have sig-
niﬁcantly different determinations of a meniscus border
when given the same segmentation case at a different
time. This intra-reader variability is virtually eliminated with
our semi-automated segmentation method, as demon-
strated by the average similarity index score of 0.99
(Table I). The key to reliable image data analysis is a fast,
consistent, and reliable method of segmentation, which is
best achieved through automated segmentation methods.
The degree of similarity and the speed offered by this seg-
mentation method allows for rapid detection and
Fig. 13. A series showing the manual segmentations (green) and automatic segmentations (yellow) of the lateral meniscus from a patient with
OA progression.
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excessive manual time and intra-reader variability, which
should provide the ability to further our understanding of
the meniscus and its role in OA.
Semi-automated segmentation is not without its limita-
tions. Our algorithm does not perform well in patients with
severe OA or and likely in those with acute meniscal tears.
This method is best used as a tool to facilitate analysis of
the meniscus in large studies since it performs well in
most cases and works faster and without intra-reader vari-
ability when compared to manual segmentation. We recom-
mend that in cases where it does not perform well that
manually segmentation by experienced raters be employed
since these cases are often prone to the greatest degree of
manual inter-rater variability.
One way to enhance our understanding of the relation-
ship between meniscus degradation and OA is to examine
the tissue’s volume change as OA progresses. Recently,
the volume of the meniscus has been calculated using
cross-sectional area from each slice in the MR image se-
quence and the distance between slices32, an approach
that can be easily applied using segmentations. The auto-
matic segmentations produced in the present study demon-
strated a cross-sectional area similar to that of manual
raters, suggesting the potential of this approach in calculat-
ing tissue volumes. The automated segmentations consis-
tently produced a high degree of similarity to manual
segmentations, making our method suitable for quantitativeTable IV
Similarity index improvement due to phase V
Overall similarity index
improvement
Case 1 (OARSI 0) 0.01
Case 2 (OARSI 0) 0.01
Case 4 (OARSI 0) 0.01
Case 5 (OARSI 1) 0.02
Case 3 (OARSI 2) 0.02
Average 0.01analysis of the meniscus. As the algorithm improves to in-
corporate more complex menisci and more degenerated
knees, it may be necessary to employ the segmentation ex-
pertise of musculoskeletal radiologists for the evaluation of
accuracy. A focus of our group is the implementation of
these methods to the OAI dataset to determine the role of
the meniscus as an indicator of OA progression or predictor
of disease course, making it a potential biomarker for dis-
ease progression. Future efforts will expand the algorithm
to include the medial meniscus in order to provide a more
comprehensive examination of the knee. Given the more
complicated structure of the lateral meniscus, segmentation
should also be feasible for the medial meniscus using sim-
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